Residual herbicides used in the production of soybean [Glycine max (L.) Merr] and corn (Zea mays L.) are often detected in surface runoff at concentrations exceeding their maximum contaminant levels (MCL) or health advisory levels (HAL). With the advent of transgenic, glyphosate-tolerant soybean and glufosinate-tolerant corn this concern might be reduced by replacing some of the residual herbicides with short half-life, strongly sorbed, contact herbicides. We applied both herbicide types to two chiseled and two no-till watersheds in a 2-yr cornsoybean rotation and at half rates to three disked watersheds in a 3-yr corn/soybean/wheat (Triticum aestivum L.)-red clover (Trifolium pratense L.) rotation and monitored herbicide losses in runoff water for four crop years. In soybean years, average glyphosate loss (0.07%) was ?1/7 that of metribuzin (0.48%) and about one-half that of alachlor (0.12%), residual herbicides it can replace. Maximum, annual, fl ow-weighted concentration of glyphosate (9.2 μg L −1 ) was well below its 700 μg L −1 MCL and metribuzin (9.5 μg L −1 ) was well below its 200 μg L −1 HAL, whereas alachlor (44.5 μg L −1 ) was well above its 2 μg L −1 MCL. In corn years, average glufosinate loss (0.10%) was similar to losses of alachlor (0.07%) and linuron (0.15%), but about one-fourth that of atrazine (0.37%). Maximum, annual, fl ow-weighted concentration of glufosinate (no MCL) was 3.5 μg L −1 , whereas atrazine (31.5 μg L −1 ) and alachlor (9.8 μg L −1 ) substantially exceeded their MCLs of 3 and 2 μg L −1 , respectively. Regardless of tillage system, fl ow-weighted atrazine and alachlor concentrations exceeded their MCLs in at least one crop year. Replacing these herbicides with glyphosate and glufosinate can reduce the occurrence of dissolved herbicide concentrations in runoff exceeding drinking water standards.
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Impact of Glyphosate-Tolerant Soybean and Glufosinate-Tolerant Corn Production on Herbicide Losses in Surface Runoff
Martin J. Shipitalo,* Robert W. Malone, and Lloyd B. Owens USDA-ARS T he residual herbicides commonly used for corn and soybean production have been detected in rivers, streams, and reservoirs at concentrations exceeding the U.S. maximum contaminant levels (MCL) or health advisory levels (HCL) for drinking water in regions such as the Corn Belt where these crops are extensively grown (Th urman et al., 1991 (Th urman et al., , 1992 . Most of this contamination probably is the result of surface runoff as simulation models suggest that ≥90% of herbicide loss to streams in this region during the early growing season originates from this source (Battaglin et al., 2003) . Th e use of conservation tillage practices to produce corn and soybean may exacerbate this problem because they rely primarily on herbicides rather than cultivation for weed control. Moreover, because it is usually necessary to maintain a residue-covered surface for conservation tillage to eff ectively reduce soil loss, herbicides and other agricultural amendments are normally surface-applied without incorporation. Th is lack of incorporation can contribute to the high concentrations of herbicides often noted in surface runoff , particularly in the fi rst few events after application (Wauchope et al., 2002) . Some research even suggests that herbicide concentrations in runoff can be higher with no-till than with other conservation tillage practices, although total transport may be similar due to reduced runoff volumes (Fawcett et al., 1994; Locke and Bryson, 1997; Mickelson et al., 2001; Shipitalo and Owens, 2006) .
With the commercial introduction of transgenic, herbicide-tolerant crops to the U.S. in the 1990s it became possible to replace some of the persistent, residual herbicides with short half-life, contact herbicides that may be more environmentally benign (Fernandez-Cornejo and Caswell, 2006) . It has been suggested that this should reduce the potential for herbicide losses in surface runoff (Wauchope et al., 2002) . In fact, there is some evidence that a shift to the production of glyphosate-tolerant [N-(phosphonomethyl)glycine] crops has contributed to a general reduction in herbicide concentrations in some lakes in the Mississippi Delta (Zablotowicz et al., 2006) .
Glyphosate-tolerant soybean, in particular, has had a very rapid adoption rate in the U.S. because of reduced weed control costs and increased yields compared to conventional varieties and accounted for almost 90% of the soybean production in 2004 (Cerdeira and Duke, 2006) . Consequently, glyphosate is currently the most widely used herbicide in the U.S. and worldwide (Kolpin et al., 2006) . Moreover, because of compatibility with various conservation tillage systems, a rapid increase in reduced and no-tillage coincident with the adoption of glyphosate-tolerant soybean has been noted (Carpenter et al., 2002; Cerdeira and Duke, 2006; Fernandez-Cornejo and Caswell, 2006) . Nevertheless, there have been few studies of the losses glyphosate and its major metabolite aminomethylphosphonic acid (AMPA) in surface runoff when applied to glyphosate-tolerant soybean, despite the fact that these compounds have been widely detected in streams in throughout the U.S. Midwest (Battaglin et al., 2005; Kolpin et al., 2006) .
Transgenic, herbicide-tolerant varieties of corn have not had the widespread acceptance observed with soybean because of the lack of a clear economic advantage compared to production of conventional varieties and concerns regarding acceptance for export (Carpenter et al., 2002; Cerdeira and Duke, 2006; Fernandez-Cornejo and Caswell, 2006) . Changes in the availability of residual herbicides, however, may alter the economics. Planting of glyphosatetolerant corn in rotation with glyphosate-tolerant soybean is not recommended, however, because of concerns with development of herbicide-resistant weeds and inability to control volunteer corn in soybean (Shaner, 2000) . Th ese issues can be addressed by using glufosinate-tolerant [2-amino-4-(hydroxymethylphosphinyl)butanoic acid] corn in the rotation, but there have been few investigations of losses of this herbicide in surface runoff when used to produce glufosinate-tolerant corn. Glufosinate has been infrequently detected in streams in the U.S. Midwest (Battaglin et al., 2005) .
Th us, since the majority of the soybean already planted in the U.S. is glyphosate-tolerant and there is the potential for extensive use of herbicide-tolerant corn, it is imperative to investigate the eff ects of the adoption of this technology on herbicide losses in runoff . Th erefore, our objective was to quantify the comparative losses in surface runoff of the residual herbicides commonly used to produce soybean and corn with those of glyphosate and glufosinate when applied to glyphosate-tolerant soybean and glufosinatetolerant corn. Since planting of herbicide-tolerant crops can result in increased usage of conservation tillage, three tillage management systems, no-till, chisel-tilled, and disked that represent a sequence of increasing levels of soil disturbance were investigated to determine if this had an impact on the relative losses of these herbicides.
Materials and Methods

Watershed and Crop Management
Th e transport of contact and residual herbicides was investigated for 4 crop years (1998 to 2001) using seven small watersheds that that were instrumented to automatically measure and sample surface runoff . General characteristics and tillage treatments of the watersheds are outlined in Table 1 . Detailed information on soil properties and distribution within the watersheds is available in Kelley et al. (1975) . Tillage treatments were not randomized, but were assigned to the watersheds based on long-term hydrologic records with one watershed in each tillage treatment having a history of less than average runoff production. Consequently, statistical comparisons among tillage treatments were not performed. Weighing-type rain gages positioned near each watershed were used to record precipitation amounts and intensities.
All seven watersheds are within 1 km of each other and are part of a network of watersheds maintained by the USDA-ARS for 60+ years at the North Appalachian Experimental Watershed (NAEW) near Coshocton, OH. Four watersheds were cropped in a 2-yr corn-soybean rotation, two receiving no tillage and the other two were chisel plowed each year. Th e three remaining watersheds were farmed in a 3-yr, corn/soybean/wheat-clover rotation with disking as the primary tillage operation during corn and soybean years. A cereal rye (Secale cereale L.) cover crop was drilled into the soybean residue after harvest in September or October in the no-till and chiseled watersheds. With the disked watersheds, winter wheat was drilled into the crop residue following soybean harvest and red clover was broadcast seeded into the standing wheat the following March or April. After wheat harvest in July, the red clover was allowed to grow until the next spring when it was disked into the soil along with 4 to 9 Mg ha −1 of strawy cattle manure to supply most of the nitrogen needed by the following corn crop. One watershed in each tillage treatment was planted to each crop each year.
A chisel plow with straight shanks at a 30-cm spacing was used to till the chiseled watersheds to a depth of ?25 cm shortly before planting of corn or soybean. No secondary tillage operations were conducted on these watersheds. Th e disked watersheds were tilled to a depth of ?10 cm three to four times before planting in corn and soybean years. Th is light, shallow disking was designed to leave some of the residue cover intact and to confi ne and concentrate the residue near the soil surface to minimize the adverse eff ects of residue incorporation observed with moldboard plowing. Glufosinate-tolerant (Liberty-Linked) corn was planted at a 76-cm row spacing on all watersheds and glyphosate-tolerant (Roundup Ready) soybean was planted at this spacing on the disked watersheds to allow for cultivation. Glyphosate-tolerant soybean was planted at an 18-cm spacing on the chiseled and no-till watersheds. Th e tillage management and cropping sequence on these watersheds were constant for a minimum of 8 yr before crop year 1998.
Watersheds were treated within a few days of planting with 3.36 kg ha −1 alachlor [2-chloro-N-(2,6-diethylphenyl)-N- Coshocton sil † Taxonomic classifi cation: Rayne-Fine-loamy, mixed, active, mesic Typic Hapludults; Keene-Fine-silty, mixed, superactive, mesic Aquic Hapludalfs; Coshocton-Fine-loamy, mixed, active, mesic Aquultic Hapludalfs. ‡ Low runoff -producing watershed based on historical records.
(methoxymethyl)acetamide], 2.24 kg ha −1 atrazine [6-chloro-N-ethyl-N′-(1-methylethyl)-1,3,5-triazine-2,4-diamine] , and 1.12 kg ha −1 linuron [N′-(3,4-dichlorophenyl)-N-methoxy-Nmethylurea] in corn years, and 3.36 kg ha −1 alachlor and 0.38 kg ha (Table 2) . Half rates of herbicides were applied to the disked watersheds when sown to corn and herbicides were applied only to a band over the row when soybean was planted, resulting in half-rate applications on a per hectare basis. Th ese watersheds were usually cultivated between the rows once in June and once in July for additional weed control in corn and soybean years. Watersheds planted to soybean also received two 1.12 kg ha −1 applications of a 2-propanamine formulation of glyphosate (equivalent to 0.84 kg ha −1 of glyphosate acid per application). Th e fi rst application was in mid to late June followed by a second application about 2 to 3 wk later ( Table 2) . Watersheds planted to corn in 1998 and 1999 received two 0.41 kg ha −1 applications of glufosinate on a similar time frame using a glufosinate-ammonium formulation [2-amino-4-(hydroxymethylphosphinyl)butanoic acid monoammonium salt] ( Table 2 ). In 2000 and 2001 the second application of glufosinate to these watersheds was precluded by weather conditions that were unsuitable for herbicide application and rapid growth of the corn. Glyphosate and glufosinate applications to the disked watersheds were at half the rate of the chiseled and no-till watersheds. Onesided paired t tests were used to determine if there was signifi cantly less transport of the contact herbicides, as a percentage of the amount applied, compared to the residual herbicides with P = 0.05 selected as the minimal level for acceptability.
Sampling Methodology
Runoff volumes were measured using H fl umes housed within enclosures that permitted year-round operation of the watersheds (Brakensiek et al., 1979) . Data loggers were used to record the hydrographs and activate ISCO samplers (Teledyne ISCO, Lincoln, NE, USA) equipped with stainless steel strainers, suction lines with Tefl on linings, and glass sample bottles. Up to 28 samples per watershed were obtained each time runoff occurred. During runoff the samplers collected discrete samples (?300 mL) every 10 min for the fi rst 100 min, every 20 min for the next 200 min, and every 60 min thereafter until the capacity of the samplers was reached or runoff ceased. Samples were brought in from the fi eld and refrigerated usually shortly after runoff ended and, in most instances, did not remain in the samplers longer than overnight.
Generally, at the beginning of the crop year, all collected samples were analyzed. As herbicide concentrations in the runoff declined during the year, only samples representative of the beginning, peak, and tail of the hydrograph of each event were analyzed. Flow-weighted average concentrations for each runoff event were computed using the concentrations measured in individual samples and runoff volumes obtained from the hydrographs. Th ese values were then used to determine annual fl owweighted concentrations, which Wauchope et al. (2002) indicated are the most appropriate toxicologically relevant end point for alachlor, atrazine, glufosinate, and glyphosate. When runoff occurred over a prolonged period of time in the winter and early spring, and in instances when the automated samplers failed to operate properly, fl ow-proportional composite samples were obtained using Coshocton Wheels (Brakensiek et al., 1979) .
Analytical Procedures
Alachlor, linuron, metribuzin, atrazine, and its metabolites deethylatrazine (DEA; 6-chloro-N-(1-methylethyl)-1,3,5-triazine-2,4-diamine) and deisopropylatrazine (DIA; 6-chloro-N-ethyl-1,3,5-triazine-2,4-diamine) were extracted from unfi ltered runoff samples using LC-18 solid-phase extraction tubes, previously conditioned with ethyl acetate, methanol, and deionized water. Ethyl acetate was used to elute the tubes and propachlor [2-chloro-N-(1-methylethyl)-N-phenylacetamide] and oxadiazon (3-[2,4-dichloro-5-(1-methylethoxy)phenyl]-5-(1,1-dimethylethyl)-1,3,4-oxadiazol-2(3H)-one) were added as internal standards. Th e prepared extracts were then analyzed using a gas chromatograph equipped with an autosampler, a temperature-programmable on-column injector, and a thermionic-specifi c detector. Each sample was run on two capillary columns of dissimilar polarity (Penton, 1991) . When the concentrations diff ered the lower value was used on the assumption that the higher value was due to positive interference by other compounds, thus the estimated losses are conservative. Th e amount of sample extracted increased from 1 mL to 40 mL as herbicide concentrations decreased with time after application. Th e minimum detection limits were 0.03 μg L −1 for atrazine, 0.06 μg L −1 for metribuzin, DEA, and DIA, and 0.13 μg L −1 for alachlor and linuron. Since unfi ltered runoff samples were used in this procedure there is the potential that some of the herbicide bound to suspended sediment was eluted into the extract. Th is amount is likely to be insignifi cant. In a review of surface runoff studies Wauchope (1978) noted that alachlor, atrazine, and metribuzin as well as other pesticides with solubilities >1 μg L −1 are transported primarily in the water phase. Additionally, sediment losses from these watersheds under these tillage management practices are minimal (Shipitalo and Edwards, 1998) . Moreover, in a study where dissolved and sediment-bound atrazine losses were measured in runoff from no-till, chisel, and disk tillage systems Basta et al. (1997) noted that >99.8% of the atrazine was lost in dissolved form despite large differences in sediment losses among tillage systems.
Dissolved glyphosate, AMPA, and glufosinate concentrations were measured following fi ltering of the runoff samples using PolyPure 0.45 μm disposable syringe fi lters (Alltech Deerfi eld, IL, USA). Glyphosate and AMPA were quantifi ed using USEPA Method 547, which involved direct injection into a HPLC, automated post-column oxidation with hypochlorite and derivatization with o-phthalaldehyde and Th iofl uor (Pickering Laboratories, Mountain View, CA, USA), followed by fl uorescent detection. Glufosinate in the fi ltered samples was manually derivatized using the Waters AccQ-Tag methodology for amino acids (Waters Corp., Milford, MA, USA) followed by quantifi cation using an HPLC equipped with a fl uorescence detector. Minimum detection limit for glyphosate, AMPA, and glufosinate was 2.5 μg L −1 .
Results and Discussion
Rainfall, Runoff , and Herbicide Transport
Th e planting and herbicide application dates varied from year-to-year in response to weather, soil conditions, and crop growth stage. In an individual crop year residual herbicides were applied to the no-till and chiseled watersheds on the same date, whereas planting and spraying of the disked watersheds was usually delayed a few days in most years because of the additional fi eld operations required before planting. Consequently, crop years were defi ned as beginning on the day of residual herbicide application and ending with residual herbicide application the following year to compare tillage treatments and years. In the case of the wheat-red clover years when no herbicides were applied, the crop year was assumed to begin on 1 June. Th erefore, variations in precipitation totals among watersheds within years (Table 3) were attributable to variations in crop year starting and ending dates in addition to slight diff erences in actual precipitation at each site.
Th e 4-yr average annual precipitation measured in this fashion for the three tillage treatments (no-till 952 mm, chiseled 934 mm, disked 935 mm) was similar to the long-term (1937 to 2004) average of 958 mm yr −1 observed at the NAEW. In the 4-yr period a total of 654 separate runoff events were recorded and sampled. Among tillage treatments the greatest runoff , as a percentage of precipitation, occurred from the disked watersheds (11.4% yr ) occurred from the chiseled watersheds. Th e amount of runoff and number of events refl ect the unique soil and topographic characteristics of each watershed as well as tillage treatment and site-specifi c precipitation characteristics. Additionally, the average amount of runoff was not a good indicator of the average herbicide transport. Despite the fact that the disked watersheds had the greatest amount of runoff , the no-till watersheds lost a greater percentage of all herbicides, except glufosinate, than the other conservation tillage practices (Table 3) .
Glyphosate-Tolerant Soybean
Although there are a range of values for glyphosate, alachlor, and metribuzin sorption and half-life reported in the literature, most data indicate that glyphosate is much more strongly sorbed in soils and has a shorter half-life than alachlor and metribuzin (Wauchope et al., 2002; Malone et al., 2004; Battaglin et al., 2005; Screpanti et al., 2005; Vereecken, 2005) . Consequently, we hypothesized that glyphosate transport in surface runoff water should be less than that of alachlor and metribuzin. Counteracting its stronger sorption and shorter half-life, however, is the fact that glyphosate was applied twice each soybean crop year, whereas the other herbicides were only applied once. Given that herbicide concentrations and transport in runoff are highly dependent on the proximity of rainfall and runoff to application date (Shipitalo and Owens, 2006; Zablotowicz et al., 2006) , this eff ectively doubled the window of vulnerability for glyphosate compared to the residual herbicides. Moreover, because glyphosate was applied after the soybean emerged, this made it more likely to be intercepted by the crop canopy and subject to washoff than the residual herbicides that were applied before the crop had emerged.
Th e transport data (Table 3) , nevertheless, supported our hypothesis as the average loss of glyphosate during the soybean crop year (0.07%) was almost sevenfold less than that of metribuzin (0.48%). Th e diff erence in transport among these herbicides remained signifi cant (P = 0.05) even when an amount equivalent to 0.02% of the applied glyphosate was added to the total to account for the contribution of the glyphosate metabolite AMPA (Table 3) . Although average alachlor transport during the soybean years (0.12%) was almost twice that of glyphosate, a paired t test indicated glyphosate losses were not signifi cantly less than those of alachlor. Inability to detect a signifi cant diff erence was related to large year-to-year variation in herbicide losses, primarily due to the timing of runoff -producing storms relative to the date of herbicide application. For example, the single largest loss was for metribuzin (2.04%) applied to the disked watershed 127 in 2001 (Table 3) . Most of this loss (97%) was attributable to a storm that occurred 10 d after metribuzin application. Similarly, 82% of the alachlor loss from this watershed in 2001 was due to this event. When soybean was planted on this watershed in 1998 the fi rst runoff -producing storm occurred 23 d after alachlor and metribuzin application and transport of these herbicides was fi veto sevenfold less than in 2001 (Table 3) . Edwards et al. (1980) also measured glyphosate losses in runoff water from small watersheds at the NAEW when it was used as a burn down treatment before crop establishment. Th e maximum loss they observed was equivalent to 1.85% of an 8.96 kg ha −1 application and was largely the result of runoff that occurred 1 d after application. Th e higher glyphosate losses and concentrations they observed compared to our results may be attributable to application to a grass-legume meadow in April rather than to soybean in June or July and the fact that their application rates were up to eight times greater than the rates we used. In contrast, in a 3-yr fi eld study when Screpanti et al. (2005) applied glyphosate to tilled soil plots shortly after planting of corn the maximum loss was only 0.031% when runoff occurred 1 d after glyphosate application, thus their losses were comparable to ours in most years (Table 3) .
Glyphosate also was not detected as consistently in runoff as alachlor and metribuzin during the crop year it was applied, probably due to its short half-life and strong sorption. No glyphosate was detected in runoff from watershed 109 in 1999 when the fi rst runoff occurred 188 d after application or in watersheds 111 and 123 in 2000 when the fi rst runoff occurred 41 d after application. In contrast, the residual herbicides were detected each soybean crop year and alachlor was detected even in runoff in 3 out of the 4 wheat years when it was not applied to the disked watersheds (Table 3 ). In total, glyphosate was detected in only 29 of the 654 runoff events, whereas metribuzin was detected in 89 events and 0040 † na = not applied, nd = not detected, tr = trace < 0.0001%. Losses in crop years when the herbicide was detected, but not applied, are based on the rates in the year of application. ‡ Tillage treatment means for percent herbicide loss are the means of the amount applied, thus are not numerical averages of the yearly losses.
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alachlor, applied in soybean and corn crop years, was detected in 485. Th ese diff erences in detection were also partially attributable to the diff erences in the method detection limits. To put this in perspective, however, our detection limit for glyphosate was 280 times lower than its MCL of 700 μg L −1 , whereas this value was 15 times for alachlor and 3333 times for metribuzin.
Most of the glyphosate detections (90%) were the result of runoff events that occurred within 10 d of application (Fig. 1) . Th e last detection occurred 56 d after application to the no-till watershed 113 in 1999. Although this detection appeared spurious, all three discrete samples collected during this event had detectable levels of glyphosate and there was only 70 L of runoff between this event and the most recent glyphosate application. Additionally, most of the glyphosate detections (62%) were from the no-till watersheds and the concentrations tended to be much higher (max. 182 μg L ), despite the similar timing of runoff relative to glyphosate application (Fig. 1) . Th is suggested that glyphosate was more subject to loss from the no-till watersheds than from the other tillage treatments, but there were too few observations for the other tillage treatments to derive relationships between glyphosate concentration and days after application. Th e relationship for the no-till watersheds indicated that ln glyphosate concentration declined with ln days after application (Fig. 1) , thus it followed a pattern frequently observed with other herbicides.
Greater loss of glyphosate from the no-till watersheds may be related to increased interception by unincorporated residues from the previous corn crop resulting in less soil contact and less sorption than with the other tillage treatments. According to Vereecken (2005) , most glyphosate sorption occurs on the mineral phase (e.g., clay minerals, iron and aluminum oxides and hydroxides) and soil organic matter can block sorption sites. In addition, Accinelli et al. (2005) noted that incorporated corn residues decreased glyphosate sorption. Martin et al. (1978) have shown that a number of herbicides readily wash off of corn crop residues and Mickelson et al. (2001) surmised that greater interception of applied herbicides by higher levels of corn crop residues contributed to higher herbicide concentrations in surface runoff from no-till plots than from plots with greater levels of tillage. Th e fact that average losses of metribuzin and alachlor were also higher from the no-till watersheds than from other tillage treatments (Table 3) suggested that inception by the corn crop residue contributed to increased losses of all herbicides.
Despite the relatively low transport losses of all herbicides the concentrations of the metribuzin and alachlor were high enough to be of concern. While the yearly fl ow-weighted average concentration of metribuzin never exceeded its HAL of 200 μg L −1 for any of the watersheds and the average for all tillage treatments for soybean years was only 1.82 μg L −1 (Fig. 2) , the concentration measured in individual events was as high as 562 μg L −1 when runoff occurred 1 d after application to the no-till watershed 118 in 2000. With alachlor, the yearly fl ow-weighted concentrations exceeded its 2 μg L −1 MCL in 3 out of the 4 soybean years for the no-till watersheds and was as high as 44.5 μg L −1 in 2001. Yearly fl ow-weighted alachlor concentration exceeded its MCL once for the disked watersheds, where the application rates were one-half those of the other tillage treatments, and in 2001 the MCL was nearly exceeded in the chiseled watershed (Fig. 2) . Th e same event that produced the highest concentration of metribuzin also yielded the highest concentration of alachlor, 1425 μg L −1
, and the average for all watersheds for the soybean year was more than three times greater than its MCL (Fig. 2) . In contrast, the highest glyphosate concentration for an individual event (Fig. 1) was nearly four times less than its MCL and the maximum annual fl ow-weighted concentration of glyphosate was 9.2 μg L −1 for a chiseled watershed in 2001 (Fig. 2) . Th e annual fl ow-weighted concentrations, however, exceeded the European drinking water standard of 0.1 μg L −1 (Vereecken, 2005) in 7 out the 9 watershed years that glyphosate was detected in runoff (Fig. 2) .
While the glyphosate metabolite AMPA does not have an established MCL, the highest concentration observed (31 μg L −1 ) was well below the MCL of glyphosate and AMPA is considered equally or less toxic than glyphosate (Kolpin et al., 2006) . Th is detection was the result of runoff that occurred 25 d after the fi rst application of glyphosate and 2 d after the second application to a notill watershed in 2000. Unlike the stream sampling results reported by Battaglin et al. (2005) , glyphosate and AMPA concentrations were strongly correlated in our surface runoff samples (AMPA = 0.12 glyphosate + 2.9, r = 0.75, P < 0.0001, n = 31). Th e ratio of AMPA to glyphosate (AGR) did not vary signifi cantly with days after glyphosate application, however, which may have been related to the fact that glyphosate was applied twice during the crop year. Although the mean AGR (0.65) was similar to the values reported by Battaglin et al. (2005) , the lower end of the AGR range (0.09 to 2.35) was less than the lowest value they reported (0.20). Th e lower AGR values and strong correlation of AMPA and glyphosate concentrations observed in our study may be partially attributable to the fact that AMPA derived from phosphonic acids in detergents (Kolpin et al., 2006) may have contributed to AMPA measured in the stream samples collected by Battaglin et al. (2005) , whereas glyphosate was the only possible source of AMPA in our watersheds.
Glufosinate-Tolerant Corn
Similar to glyphosate, we hypothesized that glufosinate application to corn would result in reduced losses in surface runoff water compared to atrazine, alachlor, and linuron because of its stronger sorption and shorter half-life (Wauchope et al., 2002; Malone et al., 2004; Screpanti et al., 2005) . Additionally, based on various modeling scenarios Wauchope et al. (2002) predicted that glufosinate losses in runoff would be 1/5 to 1/10 those of atrazine and alachlor. Th e transport data for the corn years supported our hypothesis and the model predictions as glufosinate losses (0.10%) were signifi cantly less (P ≤ 0.05) than those of atrazine (0.37%) and atrazine plus its metabolites DEA and DIA (0.50%). Losses of alachlor (0.07%), however, were slightly less than those of glufosinate, whereas linuron (0.15%) losses were slightly greater, although the transport amounts were not signifi cantly diff erent (Table 3) . Th e lack of signifi cant diff erences in transport for these materials was largely due to the loss of 0.97% of the applied glufosinate in 2001 from the chiseled watershed, 65% of which was due to runoff that occurred 2 d after application. Th e model used by Wauchope et al. (2002) also predicted that a single post-application runoff event would dominate herbicide transport. In 6 of the other 12 corn watershed years no glufosinate was detected in the runoff , whereas the residual corn herbicides were detected every year, except linuron in 2000 for the chiseled watershed.
Glufosinate was detected in runoff up to 79 d after it was applied and the highest concentrations for all three tillage treatments were noted within 3 d of application (Fig. 3) . In a replicated plot study, Screpanti et al. (2005) noted that concentrations and transport in runoff were greater for glufosinate than glyphosate and that glufosinate was detected up to 5 mo after application. Similarly, Siimes et al. (2006) reported that glufosinate losses were greater than those of glyphosate when applied to a bare soil plot in Finland.
Unlike glyphosate (Fig. 1) , signifi cant and similar relationships of glufosinate concentration to days after application were observed for the chiseled and no-till watersheds, which are represented as a single equation in Fig. 3 . No trend was discerned for the disked watersheds as glufosinate was only detected in three runoff events. As was the case with glyphosate, the data fi t a model in which ln concentration declined with ln days after application. Th e average annual losses for all herbicides applied during the corn year, except glufosinate applied to the chiseled watersheds, were greater for the no-till watersheds than for the other tillage treatments (Table 3) . Once again this appeared to be due largely to the runoff that occurred 2 d after glufosinate application to the chiseled watershed in 2001.
Although the percentage losses of the herbicides applied during the corn years were relatively low, the concentrations may be problematic. In particular, the annual fl ow-weighted atrazine concentration exceeded its MCL in at least two out of the four crop years for each of the tillage treatments, even for the disked watersheds where it was applied at a half rate (Fig. 4) . Th e annual fl ow-weighted concentration was as high as 31.5 μg L −1 for the no-till watershed in 2000 and averaged 9.57 μg L −1 for all watersheds (Fig. 4) . For individual events, fl ow-weighted atrazine concentration was as high as 720 μg L −1 for runoff that occurred 12 d after application to the no-till watershed in 2000. Th is same event also yielded the highest alachlor (255 μg L ) concentrations. Annual fl ow-weighted concentrations of alachlor did not exceed its MCL as frequently as atrazine (Fig. 4) . Th e 2.77 μg L −1 average for all tillage treatments, however, exceeded the alachlor MCL and the annual average fl ow-weighted concentration for the disked watersheds nearly exceed the MCL in 2001 (Fig. 4) . Neither linuron nor glufosinate have established MCLs. Nevertheless, the highest fl ow-weighted annual concentration observed for linuron was 8.23 μg L −1 for the no-till watershed in 2000 and the highest for glufosinate was 2.97 μg L −1 for the chiseled watershed in 2001. Th e highest fl ow-weighted glufosinate concentration for an individual event was 124 μg L −1 for runoff that occurred 2 d after application to the chiseled watershed in 2001 (Fig. 3) . Th ese glufosinate concentrations were well below the chronic (170 μg L ) drinking water levels of comparison (DWLOC), USEPA standards not equivalent to a MCL (Wauchope et al., 2002) .
Conclusions
Transport losses and herbicide concentrations in surface runoff from the watersheds were highly dependent on the weather, particularly the timing and characteristics of the fi rst few rainfalls after application. Consequently, there was considerable year-toyear variation in herbicide losses. Losses of all the materials were relatively small as a percentage of the amount applied and the losses of glyphosate and glufosinate were usually, but not always, substantially less than those of some of the residual herbicides they can partially or totally replace. More importantly, however, the yearly fl ow-weighted concentrations of the residual herbicides atrazine and alachlor were frequently high enough to be of concern for all three conservation tillage practices, even when half rate applications were used. In addition, the concentrations of atrazine, alachlor, and metribuzin in the fi rst few runoff events after application were often well above their applicable drinking water standards. In contrast, the glyphosate and glufosinate concentrations never exceeded their established or proposed standards either on an annual fl ow-weighted basis or for an individual event, even when runoff occurred within 1 d after application. Th us, by growing transgenic, glyphosate-tolerant soybean and glufosinate-tolerant corn and by completely or partially replacing these residual herbicides with glyphosate or glufosinate the environmental impact of herbicide losses in runoff resulting from production of these crops should be reduced.
